Purple non-sulfur bacteria are grown using various organic compounds instead of water as the source of electron for photosynthesis. Therefore, the first stage for acquiring electrons from these compounds can be regarded as being important for their growth under anaerobic light conditions. However, information has been limited even on ethanol and lactate, which are good growth substrates for the bacteria. Lactate dehydrogenases (LDHs) are found in various microorganisms. 1) LDHs have been classified into some groups by the type of the acceptor of electron from lactate, one (NADdependent: EC 1.1.1.27 and EC 1.1.1.28) and the others (NAD-independent: EC 1.1.2.3, EC 1.1.2.4 and EC 1.1.2.5). NAD-dependent LDHs are well known and characterized, and they mainly catalyze the generation of lactate from pyruvate. In comparison with this, NADindependent LDHs catalyze the generation reaction of pyruvate. The details of their characteristics have not always been clarified. [2] [3] [4] [5] [6] [7] [8] [9] [10] LDHs are also classified into two subgroups (L-and D-LDH) by their substrate specificity to an optical isomer. In purple non-sulfur bacteria, information on these enzymes are limited, 11, 12) and no purified LDH has been obtained. Rhodopseudomonas palustris No. 7 can use lactate and ethanol as a carbon and electron source. In strain No. 7, NADdependent alcohol dehydrogenase and two NAD-independent lactate dehydrogenases (D-LDH and L-LDH) have been found as primary oxidative enzymes of ethanol and lactate, respectively. This paper deals with the purification and characterization of D-LDH from R. palustris No. 7. In addition, the purification of cytochrome and reduction of it by electron from D-lactate are described.
Materials and Methods
Organism, medium, and growth conditions. Rhodopseudomonas palustris No. 7 and its maintenance were described previously. 13) The basal salt medium containing 0.5% DL-lactate as an electron donor and 0.1% NH 4 Cl as a nitrogen source was used for the main culture. The organism was grown at 30 C in screwcapped 1.5-liter Roux bottles filled with the medium. These bottles were illuminated at an intensity of 3,000 lux with 60 W incandescent lamps. After incubation, cells in logarithmic growth phase were harvested by centrifugation. The resultant cells were washed twice with 50 mM Tris(hydroxymethyl)aminomethane (Tris)-HCl buffer (pH 8.0) and stored at À80 C until use.
Enzyme assays. The activities of D-LDH and L-LDH were assayed principally according to the method of Markwell and Lascells.
11) The reaction mixture contained an enzyme preparation, 40 mol of lithium D-or L-lactate, 0.5 mol of phenazine methosulfate (PMS), 88 nmol of 2,6-dichlorophenolindophenol (DCIP), and 50 mol of Tris-HCl buffer (pH 8.0) in 1 ml total volume. One unit of enzyme is defined as the amount of enzyme catalyzing the reduction of 1 mol of DCIP per min at 30 C. DCIP were measured spectrophotometrically by the absorbance at 600 nm ("M, y To whom correspondence should be addressed. Fax: +81-47-308-8866; E-mail: tfujii@faculty.chiba-u.jp 19:1 Â 10 3 ).
Protein assay. Protein was measured by the method of Lowry et al. 14) with bovine serum albumin as a standard protein. Protein from column effluents was monitored by measuring the absorbance at 280 nm.
Purification of D-LDH.
The purification of D-LDH from R. palustris No. 7 was done at 4 C. For purification of D-LDH, the frozen cells (about 28 g, dry weight) obtained from 8.4 liters of culture broth were suspended in 150 ml of 50 mM Tris-HCl buffer (pH 8.0), and then sonicated for periods of 2 min in a 150 W Ohtake ultrasonic disintegrator at 20 kHz. The total exposure time was 6 min. The sonic lysates were centrifuged at 25;000 Â g for 20 min. To the resultant supernatant, 5 g of streptomycin sulfate was added to precipitate nucleic acids. The precipitate was removed by centrifugation, and the supernatant was fractioned by ammonium sulfate at concentrations between 30 to 70% saturation. The precipitate was collected and dissolved in the TrisHCl buffer. In order to remove the ammonium sulfate and low molecular weight proteins, under the molecular weight of 100,000 from the solution, ultrafiltration was done with a Minitan ultrafiltration system (Millipore). The resultant solution was put on a DEAE-cellulose DE-52 (Whatman) column (2:6 Â 40 cm) equilibrated with the Tris-HCl buffer. The column was washed with the buffer containing 100 mM sodium chloride, and eluted with a 1000-ml linear gradient of sodium chloride (100 to 300 mM) dissolved in the same buffer at a flow rate of 15 ml/h. Five-ml fractions were collected. The active fractions were combined and concentrated by an ultrafiltration unit (Centriprep 30, Amicon). To the concentrated solution, ammonium sulfate was added to give 20% saturation. The ammonium sulfate solution was put on a butyl-Toyopearl 650M (Tosoh) column (1:6 Â 40 cm) equilibrated with the Tris-HCl buffer containing 20% saturation of ammonium sulfate. The column was eluted with a 400-ml linear gradient of ammonium sulfate (20 to 0%) dissolved in the same buffer at a flow rate of 10 ml/h. Two-ml fractions were collected. The active fractions were combined and concentrated by the ultrafiltration unit. The concentrated solution was put on a Sephadex G-200 (Pharmacia) column (1:6 Â 100 cm) equilibrated with the Tris-HCl buffer. The column was eluted with the same buffer at a flow rate of 10 ml/h. Two-ml fractions were collected. The active fractions were combined and concentrated by the ultrafiltration unit. The concentrated solution buffer was replaced with 10 mM potassium phosphate buffer (pH 7.0). The solution was put on a Bio-Gel HTP hydroxyapatite (BioRad) column (0:5 Â 7 cm) equilibrated with the potassium phosphate buffer. The column was eluted with an 80-ml linear gradient of phosphate (10 to 200 mM) at a flow rate of 10 ml/h. Two-ml fractions were collected. The active fractions were combined and concentrated by the ultrafiltration unit. The concentrated solution buffer was replaced with 50 mM Tris-HCl buffer (pH 8.0). The resultant preparation was stored at À80 C.
Purification of cytochrome. A cytochrome was obtained from a fraction passed through the membrane of the Minitan ultrafiltration system in the process of D-LDH purification described above. To this cytochrome fraction, ammonium sulfate was added to give 80% saturation. The precipitate was collected and dissolved in 50 mM citrate-phosphate buffer (pH 4.0). The solution was dialyzed against the citrate-phosphate buffer at 4 C overnight. The dialysate was put on a CM-cellulose CM-52 (Whatman) column (1:6 Â 40 cm) equilibrated with the citrate-phosphate buffer. The column was eluted with a 500 ml-linear gradient of sodium chloride (0 to 500 mM) dissolved in the same buffer at a flow rate of 10 ml/h. Cytochrome from column effluents was monitored by measuring the absorbance at 410 nm. The cytochrome fraction was combined, concentrated by an ultrafiltration unit (Centriprep 10, Amicon). The concentrated fractions were put on a CM-cellulose CM 52 column as the same process described above. The twoseparated cytochrome fractions (Cyt I, Cyt II) were collected and concentrated individually. The concentrated solution was replaced with 50 mM Tris-HCl buffer (pH 7.5). Each concentrated fraction was put on a Sephadex G-50 (Pharmacia) column (1:6 Â 100 cm) equilibrated with the Tris-HCl buffer. The column was eluted with the same buffer at a flow rate of 10 ml/h. Each cytochrome fraction was collected and stored at À80 C.
Electrophoresis. The native protein sample was directly run on a 7.5% polyacrylamide gel in 50 mM Tris-glycine buffer (pH 8.3). 15) Electrophoresis of the denatured protein samples was done in the same buffer containing 0.1% SDS on a 12.5% gel. 16) In both cases, protein was stained by 0.25% Coomassie brilliant blue R-250 in 50% methanol-10% acetic acid solution.
Molecular weight estimation. The molecular weight of the native enzyme was estimated by HPLC on a TSK G-3000 SW (Tosoh) column. The molecular weight of the denatured enzyme was estimated by SDS polyacrylamide gel electrophoresis as described above.
Measurement of isoelectric point. Isoelectric focusing was done in an IEF-PAGE Gel mini (pH 3-10, 4% gel, TEFCO) with 2% Ampholine ampholites (pH 3.5-10, LKB). 17) Cofactor analysis. UV and visible absorption spectra of the enzyme were measured by a Hitachi U-3300 spectrophotometer. Fluorometric analysis of D-LDH was done by a Shimazu RF-5300PC fluorescent spectrophotometer. Excitation was at 452 nm, and emission was monitored from 400 to 600 nm. Besides, cofactor released from the enzyme was analyzed by thin-layer chromatography according to the method of Huennekens and Felton. 18 
Results

D-LDH and L-LDH activities in R. palustris No. 7 grown on D-, L-and DL-lactate
The growth rates of R. palustris No. 7 in logarithmic phase in the culture media containing 0.1% D-, L-, and DL-lactate were different to each other. The rate of the growth in the L-lactate medium (doubling time, 10.1 h) was smaller than that of D-and DL-lactate media (doubling time, about 8.7 h). However, cell-mass of each culture finally reached an almost equal concentration. In cell-free extracts from strain No. 7 grown in these media, lactate dehydrogenase activity was detected spectrophotometrically with D-or L-lactate as an electron donor and PMS plus DCIP as electron acceptors. No NAD-dependent activity was found. When the cell-free extracts were further centrifuged at 100;000 Â g for 60 min, the D-LDH activity over 80% was recovered in the resultant supernatant, but no L-LDH activity was detected. Most L-LDH activity was recovered in the precipitation fraction. These results indicate that R. palustris No. 7 had two forms of lactate dehydrogenase at least. Although it was obscure whether these enzymes were directly induced by the growth substrates or not, there was a significant difference between the activity ratio ( Table 1 . The purified enzyme was obtained in a yield of 10% without a special stabilizer and had the specific activity of 13.5 mol/min/mg protein. The final purification factor was about 1350-fold.
The purified enzyme was homogeneous as judged by the criterion of non-denatured-and SDS-polyacrylamide gel electrophoresis (Fig. 1 ).
Molecular weight and subunit structure of D-LDH
The molecular weight of the purified enzyme was estimated as about 235,000 by HPLC on a TSK G3000 SW (Tosoh) (data not shown). The subunit molecular weight was about 57,000 by electrophoresis (Fig. 1B) . These results showed that the enzyme was a tetramer composed of identical subunits.
Cofactor analysis
The UV-visible absorption spectrum of the enzyme revealed absorption maxima at 375 and 445 nm with a shoulder at around 480 nm, which indicate that the enzyme is a flavoprotein. Addition of D-lactate resulted in the complete loss of the peaks and the shoulder (Fig. 2) . Generally, a peak of fluorescence at about 520 nm was observed for FAD, FMN, and riboflavin when excited at 452 nm. D-LDH of strain No. 7 fluoresced with the emission maximum of 523 nm. Furthermore, to identify the flavin cofactor bound to the enzyme, the cofactor was removed from the enzyme by boiling, and it was examined with standards by thinlayer chromatography with FAD and FM N (Fig. 3) . The Rf value of the enzyme cofactor was similar to that of FAD, confirming that the enzyme contains a FAD cofactor.
Characteristics of D-LDH a) Isoelectric point of the enzyme
The pI of D-LDH was about 5.0. b) Effects of pH and temperature on the enzyme The effects of pH on the activity and stability were examined with 50 mM potassium phosphate buffer (pH 6.0 to 7.5), 50 mM Tris-HCl buffer (pH 7.0 to 9.0), and 50 mM glycine-sodium hydroxide buffer (pH 8.5 to 10.0). The optimum pH of the activity was 8.5. The enzyme was stable in the buffers from 7.5 to 9.5. The optimum temperature of the activity was about 50 C under the standard assay conditions. The stability of the enzyme was examined after keeping it at various temperatures for 30 min. The activity decreased rapidly over 60 C.
c) Effects of D-lactate concentrations on activity of the enzyme
The effects of D-lactate concentrations on the enzyme activity were examined under the standard assay conditions. From the plotting of Lineweaver-Burk, the Km of D-LDH for D-lactate was calculated to be 0.8 mM. (Table 2 ).
e) Effects of oxalate on activity of the enzyme The enzyme was inhibited by oxalate. The activity was lowered to about 40% in the presence of 0.05 mM oxalate. The effects of oxalate concentrations on the enzyme activity were examined under the standard assay conditions with various concentrations of oxalate. From the plotting of Dixon, it is confirmed that the enzyme was competitively inhibited by oxalate and the Ki was 0.12 mM.
Purification of cytochrome
Cytochromes (Cyt I, Cyt II) of R. palustris No. 7 were purified from cells grown in the medium containing 0.5% DL-lactate. The purification procedure was described in Materials and Methods. A typical purification of cytochrome is summarized in Table 3 . The purified proteins were homogeneous as judged by the criterion of non-denatured-and SDS-polyacrylamide gel electrophoresis. Figure 4 shows the result for Cyt II.
Characteristics of cytochrome from R. palustris No. 7
The molecular weight of the purified protein (Cyt II) was estimated as about 12,400 by HPLC on a TSK G3000 SW (Tosoh) (data not shown). The subunit molecular weight was about 12,200 by electrophoresis (Fig. 4B) . The isoelectric point of the protein was about 9.4. Similar results were obtained for Cyt I. Cytochrome is a hemoprotein that contains iron porphyrin as a prosthetic group. It is classified into many types of cytochrome according to the wavelength of the absorption maxima. C-type cytochrome obtained from purple nonsulfur bacteria is called cytochrome c 2 .
19) The visible absorption spectrum of Cyt I purified from R. palustris No. 7 revealed absorption maxima at 551, 522, and 416 nm. When a small amount of powder potassium ferricyanide was added to the solution containing Cyt I, the maximum peaks at 551 and 522 nm disappeared and the peak at 416 nm was shifted to 412 nm. The absorption maximum of Cyt II at 412 nm. When a small amount of powder sodium thiosulfate was added to the solution containing Cyt II, the maximum peaks appeared at 551 and 522 nm These ware similarly to absorption maxima of cytochrome c 2 from Rhodospirillaceae. The absorption spectrum of Cyt II was changed by incubating it with D-lactate and D-LDH, and the new absorption maxima appeared at 551, 522, and 416 nm (Fig. 5) . From these facts, the cytochrome purified from strain No. 7 was identified as cytochrome c 2 , and it was indicated that Cyt I and Cyt II were a reduced form and an Table 2 . Substrate Specificity of D-LDH from R. palustris No. 7 The activity (0.01 U) were measured under the standard assay conditions with various kinds of substrates.
Substrate
Relative enzyme activity (40 mM) (%) Whether cytochrome c 2 could function as an electron acceptor of D-lactate was examined. When the D-LDH activity was assayed in the standard assay conditions in which the artificial electron acceptor PMS was replaced with the oxidized form (Cyt II), the rapid reduction of DCIP was observed at 600 nm. Besides, the spectrum of oxidized form cytochrome c 2 was shifted to that of the reduced form as described above. These results show that the purified cytochrome c 2 can function as an acceptor of an electron from D-lactate.
Discussion
Lactate is used as a good growth substrate for many purple non-sulfur bacteria. However, information on lactate dehydrogenases of purple nonsulfur bacteria is limited, 11, 12) and the purified enzyme had not been obtained from these bacteria. R. palustris No. 7 could use both D-lactate and L-lactate as a sole electron donor and carbon source. The growth rate of strain No. 7 in the L-lactate medium was smaller than that of the D-or DLlactate medium. The fractionation of cell-free extracts by centrifugation showed that R. palustris No. 7 had two different NAD-independent lactate dehydrogenases. The levels of LDHs in the cell-free extracts of strain No. 7 were affected by the growth substrate. In this paper, an soluble NAD-independent D-LDH was purified as an electrophoretically homogeneous protein from R. palustris No. 7 grown in the DL-lactate medium under light-anaerobic conditions. A few types of NADindependent D-LDHs have been known in various microorganisms up to now. These can be divided into the following three groups. The enzymes in the first group are membrane-associated proteins, and are linked to electron transport.
1) The enzymes in the second group enable the microorganisms to use only lactate as a source of carbon. 20) The enzymes in the third group are found in lactic acid bacteria. 21, 22) When nutrients are poor supplied, lactic acid bacteria recycles some of the lactate, and then the enzymes reconvert it to pyruvate. The first group of enzymes have been found in E. coli, Megasphaere elsdenii, Desulfovibrio vulgaris and Archaeoglobus fulgidus. 1, 6, 7, 9, 10) These enzymes are located in the membrane of the cells. The enzyme from E. coli has been reported to be a monomer of molecular weight of about 65,000-71,000 in association with detergent, 6, 7) but it aggregated (molecular weight of about 180,000-240,000) in the absence of detergent. 23) In contrast, D-LDH from R. palustris No. 7 was soluble protein, and shown to consist of four subunits of molecular weights of about 57,000. The cofactor for the enzymes of this group that have been reported so far was confirmed to be FAD. It was showed that the enzyme from strain No. 7 contains also FAD. The optimum pHs of the enzymes from many microorganisms are near the neutral region. However, those of E. coli and A. fulgidus are 8.0 to 9.0. D-LDH from strain No. 7 was similar to that of the latter. The enzyme from strain No. 7 seems to have narrow substrate specificity. Only D-lactate and DL-2-hydroxybutyrate (probably its D-isomer) were attacked by the enzyme. The same results have been observed in E. coli and many microorganisms.
1) The Kms for D-lactate of Dthe enzymes from strain No. 7 and E. coli were 0.8 mM and 0.6 mM, respectively. Although the localization of D-LDH in R. palustris No. 7 was different from other enzymes, it is shown that the enzyme of strain No. 7 has similar properties to that of the first group enzymes in E. coli and other microorganisms.
In R. palustris No. 7, it seems that electrons obtained from lactate are supplied to the photosystem through an electron carrier, such as cytochromes. E. coil transfers the electrons obtained from lactate to the electron transfer chain. In this case, the direct electron acceptor for the reduced enzyme is quinone. R. palustris No. 7 produced C-type cytochrome. So, this was also purified from the cell-free extracts of strain No. 7. Generally, Ctype cytochrome obtained from purple nonsulfur bacteria is called cytochrome c 2 and it has been purified from various species of purple nonsulfur bacteria.
19) The cytochrome from strain No. 7 was identified as cytochrome c 2 . Although the isoelectric points of cytochrome c 2 of purple nonsulfur bacteria were in the region from 5.0 to 9.4, those many have isoelectric points in the neutral or acid region. The value of cytochrome c 2 from strain No. 7 was pI 9.4, indicating that the link with D-LDH (pI 5.0) was easy. Actually, the cytochrome c 2 of strain No. 7 was rapidly reduced by incubating with D-LDH and D-lactate. These results show that electrons from D-lactate are transferred to cytochrome c 2 through FAD of D-LDH. Generally, it is considered that cytochrome c 2 donates electrons directly to bacteriochlorophyll in the photosystem. 24) It has been reported that a mutant strain of Rhodopseudomonas capsulata, lack the ability to produce cytochrome c 2 , cannot grow photoanaerobically. 25) The role of cytochrome c 2 was also examined in an other strain. 26 ) Thus, we indicate that electrons acquired from D-lactate by D-LDH are supplied to the photosystem through cytochrome c 2 in R. palustris No. 7.
